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The 2008–current summit eruption at Kılauea Volcano, Hawai‘i oﬀers a unique opportunity to test models of degassing
and magma plumbing and to improve our understanding of the volatile budget. The aim of this work was to test the hypoth-
esis that gases emitted from a summit lava lake will be rich in carbon dioxide (CO2) and similar to those measured during the
persistent lava lake activity in the early 20th century at Kılauea Volcano (Gerlach and Graeber, 1985). We measured the sulfur
dioxide (SO2) and CO2 concentrations in the gas plume from Halema‘uma‘u using electrochemical and non-dispersive infra-
red sensors during April 2009. We also analysed olivine-hosted melt inclusions from tephra erupted in 2008 and 2010 for
major, trace and volatile elements. The gas and melt data are both consistent with the equilibration of a relatively evolved
magma batch at depths of 1.2–2.0 km beneath Halema‘uma‘u prior to the current degassing activity. The diﬀerences in the
volatile concentrations between the melt inclusions and matrix glasses are consistent with the observed gas composition.
The degassing of sulfur and halogen gases from the melt requires low pressures and hence we invoke convection to bring
the magma close to the surface to degas, before sinking back into the conduit. The ﬂuxes of gases (900 and 80 t/d SO2
and CO2 respectively) are used to estimate magma ﬂuxes (1.2–3.4 m
3/s) to the surface for April 2009. The observation of min-
imal loss of hydrogen from the melt inclusions implies a rapid rise rate (less than a few hours), which constrains the conduit
radius to 1–2 m. The inferred conduit radius is much narrower than the lava lake at the surface, implying a ﬂared geometry.
The melt inclusion data suggest that there is a progressive decrease in melt volatile concentrations with time during
2008–2010, consistent with convection, degassing and mixing in a closed, or semi-closed magma system. The degassing regime
of the current summit lava lake activity is not similar to that observed in the early 20th century; instead the gases are exten-
sively depleted in CO2.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.0016-7037  2013 The Authors. Published by Elsevier Ltd.
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Open access un1. INTRODUCTION
Volatile components of magma, although a small frac-
tion by weight, have large eﬀects on magma transport, stor-
age and eruption. An understanding of the volatile budget
of an eruption yields insight into petrogenesis (e.g. Johnson
et al., 2008; Ruscitto et al., 2010), eruption mechanismsder CC BY license.
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magma plumbing systems (Me´trich et al., 2010) and allows
volcanic gas emissions to be used as a monitoring tool
(Aiuppa et al., 2010) and to forecast magma supply and
eruption rates (Poland et al., 2012). The 2008–present erup-
tion of Kılauea Volcano, from a new vent within Hal-
ema‘uma‘u Crater, Hawai‘i, is the ﬁrst explosive summit
eruption since 1924 (Poland et al., 2008; Wilson et al.,
2008). The eruption has provided an unprecedented oppor-
tunity to test and validate previously proposed models of
degassing (Gerlach and Graeber, 1985; Gerlach et al.,
2002). Rift, rather than summit eruptions, have been com-
monplace at Kılauea Volcano over the past few decades
and have inevitably involved magmas that have undergone
partial degassing through the summit caldera ﬂoor as they
transit the magma plumbing system (Gerlach and Graeber,
1985). An eruption that taps the summit magma chamber
directly provides a window into summit magma storage,
transit and degassing processes.
The degassing budget of Kılauea Volcano is well con-
strained (Gerlach and Graeber, 1985; Gerlach, 1986; Dixon
et al., 1991; Sutton et al., 2001; Gerlach et al., 2002). Basal-
tic melts supplying the volcano are probably generated at
130–80 km depth (Eggins, 1992; Ribe and Christensen,
1999) and rise through the upper mantle, becoming satu-
rated with respect to carbon dioxide (CO2) at depths greater
than 40 km (Pan et al., 1991; Gerlach et al., 2002). The
melts migrate towards the magma storage reservoir, which
lies at a depth of between 2 and 3 km beneath the summit
caldera (Fiske and Kinoshita, 1969; Ryan, 1988). At these
pressures, most of the magmatic CO2 exists as vapor, and
buoyant CO2-rich bubbles rise through the melt, accumu-
late at the chamber roof, and segregate into the atmosphere
through fractures, on rapid timescales (Bottinga and Javoy,
1991; Vergniolle, 1996; Gerlach et al., 2002; Poland et al.,
2012). Much of the accumulated CO2-rich vapor is lost
from the reservoir by quiescent degassing through a
2 km2 area on the caldera ﬂoor immediately east of Hal-
ema‘uma‘u crater (Figs. 1 and 2a) (Gerlach et al., 2002).
Due to the pressure dependence of volatile solubility, dur-
ing periods of no summit eruption, little sulfur dioxide
(SO2) or H2O is degassed from magma in the summit stor-
age reservoir (Gerlach and Graeber, 1985). During rift
eruptions, the CO2-depleted magma migrates down-rift
and exsolves the rest of its remaining volatile burden at
low pressures, leading to an SO2 and H2O-rich gas plume
at the east rift eruption site (Gerlach and Graeber, 1985;
Gerlach 1986). The opening of a new eruptive vent at the
summit in March 2008 has altered the summit degassing
pathways associated with this classic model of partial
degassing and provides a new opportunity to evaluate the
volatile budget and degassing processes at Kılauea.
The CO2 content of parental magmas supplying Kılauea
has been estimated to be 0.7 wt%, based on volcanic gasmea-
surements of CO2 ﬂux from the summit and estimates of
magma supply rate (Gerlach et al., 2002). Petrological con-
straints on pre-eruptive CO2 are in general incomplete.
CO2 in melt inclusions represents only a fraction of the total
CO2 in the system, the rest existing as vapor prior to inclusion
entrapment (Anderson and Brown, 1993; Wallace andAnderson, 1998) and submarine pillow glasses from the Puna
Ridge are variably degassed with respect to CO2 (Dixon
et al., 1991). Analysis of melt inclusion datasets, based on
the covariation of H2O and CO2, has led some workers to
propose that the CO2 content of primary melts is in fact far
more variable, and potentially much higher, ranging from 2
to 6 wt% (Barsanti et al., 2009). The H2O concentrations of
primary melts are in the range 0.4–0.8 wt% (Dixon et al.
1991; Wallace and Anderson, 1998; Dixon and Clague,
2001). Sulfur concentrations of primary melts are likely to
be in the range 1500–2000 ppm (Wallace and Anderson,
1998), but during fractionation and sulfur saturation, sulfur
is lost to heavy sulﬁde minerals at high pressure, and to the
vapor phase at low pressures (Gerlach, 1986).
The CO2 ﬂux from the summit area has varied over
the past two decades and has been shown to correlate
with summit inﬂation and deﬂation (Hager et al., 2008;
Poland et al., 2012). CO2 ﬂux was 8500 t/d in 1995–9,
decreasing to 4900 ± 2000 t/d in 2003 (Gerlach et al.,
2002; Hager et al., 2008) during a period of near-contin-
uous summit deﬂation during the ongoing Pu‘u ‘O¯‘o¯ east
rift eruption (Cervelli and Miklius, 2003). In 2004–5, an
episode of inﬂation at the summit tripled the CO2 ﬂux
to nearly 30,000 t/d, until it declined following the 17
June 2007 Father’s Day event, when rapid summit deﬂa-
tion signalled the onset of dike intrusion into the upper
east rift zone (Poland et al., 2009; Poland et al., 2012).
The correlation between deformation and CO2 ﬂux sup-
ports the idea that CO2 ﬂux can be used as a proxy
for magma supply rate (as proposed by Poland et al.,
2012), but the exact nature of the relationship remains
unclear (CO2-rich primary melts may result from melting
of CO2-enriched mantle, for example, and also CO2
might ascend independently of melt to some extent at
low pressures, particularly if the magma ponds and frac-
tionates during ascent).
Typically, the summit gas plume (during a period of no
summit eruption) also contains a small fraction of the sulfur
and H2O originally dissolved in the parental magma. Sum-
mit SO2 ﬂuxes, during periods of no summit eruption, are
generally <200 t/d (Elias et al., 1998; Sutton et al., 2001;
Elias and Sutton, 2007; Elias and Sutton, 2012) but in-
creased to >400 t/d during the Father’s Day event (17 June
2007; Elias and Sutton, 2012). SO2 ﬂuxes have been consis-
tently >1000 t/d at the east rift eruption site during 1983-
present (Elias et al., 1998; Sutton et al., 2001). CO2 ﬂux from
Pu‘u ‘O¯‘o¯ was 300 t/d on 19 September 1995 (Gerlach et al.,
1998), yielding a substantially lower CO2/SO2 ratio at the
rift than at the summit area, consistent with a model of par-
tial degassing before magma migration down-rift (Gerlach
and Graeber, 1985). Unsurprisingly, few volatile data exist
for summit eruptions. Samples collected in 1917 by Thomas
Jaggar and reconstructed by Gerlach (1980) are proposed to
be representative of summit degassing during summit erup-
tions with no partial degassing. Jaggar’s samples were rich in
CO2 and are proposed to be the result of degassing of pri-
mary magmas rising from depth that have retained their full
complement of volatiles (Gerlach and Graeber, 1985).
Past studies of degassing at Kılauea have only rarely re-
lated gas emissions with pre-eruptive volatile concentra-
Fig. 1. Map of Kılauea Volcano, Hawai‘i, to show the location of the Halema‘uma‘u vent.
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Gerlach and Graeber, 1985). This study seeks to broaden
our understanding of the 2008–present summit eruption,
by relating the gas output at the surface, measured using
electrochemical and non-dispersive infrared sensors, to
pre- and syn-eruption melt volatile compositions measured
in olivine-hosted melt inclusions and matrix glasses from
erupted tephra samples. Geochemical analyses of olivine-
hosted melt inclusions complement surface gas measure-
ments because they form prior to magma eruption and
may preserve a parental, or at least less degassed, melt com-
position. Within one sample, crystals are likely to have
trapped pockets of melt at diﬀerent stages during continu-
ous crystallization and so analyses of an inclusion popula-
tion for major, trace and volatile elements may track the
sequence of pre- and syn-eruptive processes such as gas
ﬂushing (Me´trich and Wallace, 2008), melt mixing, convec-
tion (e.g. Witter et al., 2004) and the kinetic inhibition ofexsolution and progressive degassing (Thordarson and Self,
1993). It must also be borne in mind that olivine re-entrain-
ment from crystal mush and mixing of magmas with diﬀer-
ent olivine populations might take place in the magma
transport and storage system, so interpretation of data even
within a single sample is complex. In addition, olivine may
not always behave as a closed vessel and diﬀusive loss of H+
may occur when the host crystal is held at a high tempera-
ture within degassed melts (Kent, 2008; Gaetani et al.,
2012). Diﬀusive pile-up at the crystal edges may also aﬀect
melt inclusion composition (Baker, 2008). Melt inclusions
almost always underestimate undegassed pre-eruptive CO2
concentrations, as saturation and exsolution begin at
depths greater than the onset of olivine crystallization
(Me´trich and Wallace, 2008). A combined approach using
both inclusions and surface gas ﬂux measurements allows
a more comprehensive estimate of the total CO2 content
of the melt and vapor system. In this study we use these
Fig. 2. (a) Satellite image of caldera (prior to the current summit eruption) marked with: typical gas plume positions, the location of the 2008
vent, the location of the gas sensors deployed in this study and Crater Rim Drive, along which Flyspec traverses were carried out for SO2 ﬂux.
(b) The Halema‘uma‘u gas plume in April 2009; (c) gas sensors deployed on crater rim. From left: Alphasense electrochemical sensor
weatherproof enclosure, pump to send gas into sensor box, two CO2 sensors in weatherproof enclosures, batteries, pump and ﬁlter packs
(suspended on pole).
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position from the Halema‘uma‘u vent; (ii) quantify volatiles
in the pre-eruptive melt (iii) compare the degassing system-atics to those of other historical summit eruptions to under-
stand magma storage, transport and plumbing beneath
Halema‘uma‘u.
Table 1
Dates and times of gas measurements at the summit of Kılauea
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AT KLAUEA
Following the Father’s Day event in June 2007, deﬂa-
tion of the summit region resumed on 21 July 2007 and
continued to March 2008 (Poland et al., 2009). A contin-
ual increase in tremor was recorded in the summit region
from November 2007 (Wilson et al., 2008). SO2 ﬂuxes
from Kılauea’s summit began to increase in December
2007, from a baseline value of 150 t/d (Elias and Sutton,
2007) to >400 t/d and then to 1630 t/d on 12 March 2008,
when a new fuming source at the base of Halema‘uma‘u
became the site of an explosion a few days later (Wilson
et al., 2008; Houghton et al., 2011). The onset of the sum-
mit eruption and degassing activity was marked by a small
explosion within Halema‘uma‘u crater on 19 March 2008
that opened a 35 m wide vent and spread lithic debris,
including blocks up to 1 m in size, over an area of
4  105 m2 (Wilson et al., 2008). Over the course of the
eruption, the vent has widened to 165 m in diameter with
the top of the magma column 20–220 m beneath the ﬂoor
of Halema‘uma‘u as of May 2013. The top of the magma
column ﬂuctuates in height over days to weeks, which cor-
relates with summit tilt, and over seconds to minutes, due
to accumulation and release of gases (Patrick et al., 2011;
Nadeau et al., 2011). Tephra is produced quasi-continu-
ously from the vent as typically small quantities of Pele’s
tears, hairs and ﬁne ash particles (Swanson et al., 2009).
Larger spatter bombs (up to 30 cm size) of juvenile mate-
rial were erupted during 8 explosive events in 2008. Each
explosion erupted 7–800  103 kg tephra (Swanson et al.,
2009). Componentry analysis of the tephra suggests that
the proportion of juvenile, vesicular material increased
over the course of 2008, indicating the increasing involve-
ment of fresh, actively vesiculating melt (Swavely et al.,
2010). The ﬁrst explosion, on 19 March 2008, was thought
to be caused by magmatic gases trapped beneath rockfall
debris falling in from the vent walls (Houghton et al.,
2011; Orr et al., 2013). Rockfalls into the lava lake have
been consistently linked with explosion triggering through
direct visual observations and seismicity, and textural
studies have shown that rockfalls initiate bubble nucle-
ation in the melt, causing enhanced degassing (Carey
et al., 2012).Volcano in April 2009, including wind speed and direction, types of
measurements undertaken. EC: electrochemical sensors, NDIR:
non-dispersive infrared sensors, FP: ﬁlter packs (data published by
Mather et al., 2012); FS: Flyspec (for SO2 ﬂuxes).
Date,
2009
Time Measurements Wind
direction
Wind speed,
m/s
14 April 12:00–
e17:00
EC, NDIR,
FP, FS
NE 8.0
17 April 9:15–
16:00
EC, NDIR,
FP
SW –
20 April 11:00–
16:30
EC, NDIR,
FP
W 2.0
21 April 10:00–
16:30
EC, NDIR,
FP
Variable Low
22 April 10:00–
17:15
EC, NDIR,
FP
E 3.03. METHODOLOGY
Electrochemical sensors and IR sensors were deployed
in April 2009 to quantify CO2, SO2 and H2S at a high de-
gree of temporal resolution within the summit eruption
plume, which allowed both quantiﬁcation of the gas com-
position emitted from the new vent, and analysis of back-
ground concentrations of CO2 and the diﬀuse degassing
contribution. Results from ﬁlter pack samples (e.g., ratios
between SO2 and the halogens) collected at the same time
are discussed elsewhere (Mather et al., 2012). Geochemical
data from olivine-hosted melt inclusions and matrix glasses
of tephra samples produced during the Halema‘uma‘u
eruption are also presented in this paper.3.1. Volcanic gas measurement methods
We used UV spectroscopy (for SO2 ﬂuxes), electrochem-
ical sensors (for SO2 and H2S concentrations), non-disper-
sive IR sensors – NDIR – (for CO2 concentration) and ﬁlter
packs (for acid gases and aerosols) simultaneously over ﬁve
days of ﬁeld measurements at Halema‘uma‘u crater rim
(Fig. 2; Table 1). Volcanic activity was similar on all the
days of measurement, with a continuous optically dense
gas plume rising from the Halema‘uma‘u vent. Rockfalls
occurred numerous times on each day, sometimes causing
enhanced degassing for several minutes afterwards. A vari-
able wind direction on each of the days (Table 1) meant
that the instruments were set up in a range of locations
around the rim of the Halema‘uma‘u crater, but all of the
locations were within 50 m of the active vent, sampling a
gas plume that had been emitted from the surface of the
magma column less than 1 min earlier, i.e. a very “young”
plume.
Molar SO2 and H2S concentrations were measured using
Alphasense electrochemical sensors (http://alphasense.com/)
attached to a hand held PDA (Sawyer et al., 2011; Roberts
et al., 2012), and placed adjacent to the NDIR sensors
(Fig. 2c). The sensors were arranged in parallel such that
they were exposed simultaneously to the same volcanic
gas mixture. A pump drew air at 0.3–0.5 L min1 into the
instrument, and a ﬁlter on the inlet prevented particles from
entering. The sensors were operated continuously and the
sensors’ current outputs were logged at 1 Hz resolution
on a PDA computer. The response times of the sensors
were typically 11–13 and 20–30 s (for SO2 and H2S, respec-
tively) to reach 90% signal. The output current of the sen-
sors is linearly proportional to the concentrations of
target and interfering gases in the volcanic gas mixture.
The gas concentration time series were retrieved from the
raw amperage data using sensor-speciﬁc sensitivities deter-
mined from pre- and post-ﬁeldwork calibrations in the lab-
oratory. Owing to the very low H2S content of Kılauea
volcanic gases, it was not possible to discern H2S concentra-
tions because of the H2S sensor’s cross-sensitivity to SO2
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H2S/SO2 102). This sensor output was instead analyzed
to provide an additional measurement of SO2, proving par-
ticularly useful during strong plume episodes when gas con-
centrations exceeded the standard SO2 sensor saturation
limit (220 ppm). The excellent correlation between the two
sensors (r = 0.94) is shown in the Supplementary material.
Further details of the electrochemical sensors, instrument,
and data analysis methodology are provided by Roberts
et al. (2012).
Two SenseAir gas sensors (CO2 Engine K30 FR; http://
www.senseair.se/products/oem-modules/k30/) were used to
measure the concentrations of CO2 in the ambient air. The
sensors are non-dispersive infra-red (NDIR) spectrometers,
with a wavelength of 4.3 lm and a path length of 12.1 cm
and they were logged at a sampling rate of 1 Hz. This was
the ﬁrst volcanic application for these miniaturised gas sen-
sors. The precision of the sensors is typically better than 3%
at 300 ppm (at 105 Pa). An on-board datalogger acquired
time-stamped analogue and digital data, corresponding to
the inbuilt, laboratory derived, calibration curve for that
particular sensor. The sensors were calibrated again after
the ﬁeld campaign for instrumental drift and zero oﬀsets.
SO2 emission rates were measured using the HVO Fly-
spec, via traverses along Crater Rim Drive downwind of
the summit plume (Fig. 2a) on 14 April 2009. The Flyspec
utilises a UV spectrometer and targets absorption features
due to SO2. Calibration cells are used to derive the absolute
values of SO2 column amounts across a traverse, which are
then integrated over the traverse width and multiplied by
plume speed to derive the SO2 emission rate. Further details
of the methodology are published elsewhere (Elias et al.,
2006; Horton et al., 2006) as is the SO2 ﬂux time series from
Kılauea (from the summit and from the east rift; Elias et al.,
1998; Sutton et al., 2001; Elias and Sutton, 2007; Elias and
Sutton, 2012).
3.2. Glass microanalysis
The samples analysed in this study are juvenile clasts of
vesicle-rich spatter and pumice, erupted during four explo-
sive events on 9 April, 27 August, and 2 September 2008,Fig. 3. Images of olivine-hosted melt inclusions: (a) transmitted light an
containing shrinkage bubbles, ol: olivine, mi: melt inclusion and vb: vapand on 26 April 2010. The 2 September 2008 samples were
collected from scoracious bombs 20 cm in diameter that
had been ejected <100 m away from the vent. Most samples
are sparsely olivine phyric (2–5 vol%), with rounded olivines
<1 mm in size and occasional microphenocrysts of plagio-
clase. Many of the samples also contain lithic fragments of
vent wall rocks and anhydrite, along with some juvenile
crystal mush clots. Multiple glass chips and olivine pheno-
crysts were hand-picked and mounted with epoxy to be ana-
lysed ﬁrst by secondary ion mass spectrometry (SIMS), and
then by electron microprobe and laser ablation inductively-
coupled mass spectrometry (LA ICP-MS). All of the inclu-
sions analysed were naturally quenched, 40–200 lm in size
and not necked or breached by cracks (Fig. 3).
The melt inclusion compositions were corrected for var-
iable amounts of post entrapment crystallization (PEC) and
Fe-loss by calculation (Petrolog3; Danyushevsky and Plec-
hov, 2011). Fe-loss occurs at slow cooling rates, whereby
the Fe-rich olivine rim that crystallizes in the inclusion
equilibrates with the more magnesian host olivine. As Fe
diﬀuses from the rim to the host, so the inclusion also be-
gins to equilibrate with the rim by “adding” Fe, to maintain
the Fe/Mg equilibrium. Petrolog3 applies an iterative cor-
rection scheme (Danyushevsky et al., 2000), requiring spec-
iﬁcation of the measured major and minor element
compositions of each inclusion, the forsterite content of
the host olivines, the H2O content of the inclusion and
the oxidation state of the melt (the magnetite-wustite buﬀer;
Rhodes and Vollinger, 2005). In order to correct for Fe-
loss, the initial FeO content of the inclusion at the time
of entrapment must be speciﬁed. Primitive MgO contents
can be diﬃcult to estimate, but the FeO content of primitive
melts is little aﬀected by olivine crystallization (Putirka,
2005), and is nearly constant along the olivine control line.
The input FeO value speciﬁed for the model calculations
was 11.33 wt%. This was the average of the matrix glass
FeO concentrations and agrees well with the estimate of
primitive melt FeO for Hawai‘i determined by Putirka
(2005) (11.4 wt% ±0.03). The assumption of a constant
FeO value may carry with it signiﬁcant error if the olivines
analyzed are mantle-derived xenocrysts and not the result
of low pressure crystallization. PEC corrections typicallyd (b) reﬂected light images, showing pristine melt inclusions, often
or bubble.
Table 2
List of standards used for secondary ion mass spectrometry in this
study, on a Cameca 4f ion probe at the NERC facility, Edinburgh.
Composition SiO2, wt% H2O, wt% CO2, ppm
TPF Basalt 46.1 6.21
ST-1 Basalt 48.0 2.96 629
ST-2 Basalt 48.1 2.84 1261
ST-6 Basalt 48.7 1.58 914
CFD Basalt 48.0 1.391
ST-3 Basalt 48.8 1.33
2390-5 Basalt 48.6 0.68 176
TPA Basalt 48.2 0.403
2678-6 Basalt 50.0 0.21 229
Rb480 Rhyolite 73.6 9717
Rb497 Rhyolite 80.4 10,055
Siss51 Rhyolite 75.6 424
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sions required 18–25% (Supplementary data).
The concentrations of H2O, CO2, Li and B were ob-
tained by secondary ion mass spectrometry on a Cameca
IMF 4f ion microprobe at the NERC microanalytical facil-
ity at the University of Edinburgh, using a 15 kV primary
beam of O ions, using the general methodology published
previously (Hauri et al., 2002; Blundy and Cashman, 2008).
Positive secondary ions were accelerated to 4500 eV, with
an oﬀset of 75 eV (for 1H and trace elements) and
50 eV (for 12C) (±20 eV) to reduce transfer of molecular
ions into the secondary column. A 50 lm raster was per-
formed for three minutes prior to the start of each analysis,
and a primary beam current of 5–6 nA used with a non-ras-
tered, oval-shaped beam covering a 15–20 lm area on single
spots within the boundaries of the melt inclusions. Peak
positions were veriﬁed before each analysis. The following
elements were analyzed by counting for 3 s in each of a
10 cycle run: 1H, 7Li, 11B, 25Mg, 30Si. These counts were
then normalized to 30Si and converted to concentrations
using a calibration curve populated by glass standards.
The relative ion yield for H correlates with SiO2 content,
such that plotting 1H/30Si versus H2O yields a single work-
ing curve for glasses of variable SiO2 content (Blundy and
Cashman, 2008). CO2 concentrations, however, require a
correction for SiO2 content. The full list of glass standards
used is shown in Table 2. Accuracy (given by 100 xobs
 xref
xref
,
where xobs

is the mean of the observed concentrations and
xref is the reference concentration, in per cent) and precision
(given by 100 rxobs, where r is the standard deviation on re-
peat measurements of concentration, in per cent) were mon-
itored throughout the sessions by repeat analysis of the
standards as unknowns: for H2O analyses these were >9%
and <6% respectively; and for CO2 <11% and <8% respec-
tively. The average CO2 and H2O backgrounds over seven
sessions was 56 ppm and 0.03 wt% respectively.
Carbon was measured independently of 1H, using the
same beam conditions but with a 50 lm image ﬁeld to im-
prove transmission at moderate mass resolution, which was
suﬃcient to resolve 24Mg2+ at the 12C peak position for
background olivine measurements and inclusion analyses.
12C was analysed for 3 s in each of 20 cycle run in which24Mg2+, 28Si2+ and 30Si were also measured. During data
processing, the ﬁrst 5 cycles of the 1H analyses and the ﬁrst
10 cycles of the 12C data were discarded to avoid the eﬀects
of surface contamination on the samples which may have
survived the cleaning process. Instrumental backgrounds
were minimized by allowing samples held in epoxy to out-
gas in a separate vacuum for at least ten hours prior to
use in the SIMS instrument.
The major element and volatile (S, Cl and F) composi-
tions of the glasses, inclusions and host olivines were deter-
mined using the Cameca SX100 electron microprobe at the
University of Cambridge. Quantitative determinations of
elements were made using the wavelength dispersive system
with TAP, PET and LIF crystals. A range of metal, oxide
and silicate (e.g. jadeite, wollastonite) standards were used
for calibration of the spectrometers. All analyses used an
accelerating voltage of 15 kV. For olivine, a spot size of
4 lm and a 100 nA beam current was used. For glasses, a
10 lm spot was used with a beam current of 60 nA for
Cl, F, S, P, Cr and Ni, and 4 nA for all other elements, with
counting times of 50–200 s per analysis. During glass mea-
surements, Na peaks were counted ﬁrst to avoid signiﬁcant
migration during the run. In addition to calibration of each
X-ray line, secondary reference standards (olivines, pyrox-
enes, feldspars and glasses) were measured daily to check
accuracy, precision and totals. Accuracy was in general bet-
ter than 5% for most elements, based on 77 repeat analyses
of EMPA secondary standard 2390-5 and by comparison
with reference concentrations for the standard, with the
exception of TiO2, K2O, P2O5 and Cl, which were better
than 20–35%. Detection limits for S, Cl and F were 40, 38
and 170 ppm and precision was typically <5% for all oxi-
des, with the exception of MnO, P2O5 and F, which was
better than 20%.
LA ICP-MS analysis of trace elements in melt inclu-
sions were performed at the Department of Earth Sci-
ences, University of Cambridge using a Perkin-Elmer
Elan DRC II ICP-MS. This was coupled to a UP213
Nd:YAG laser operating at 266 nm. A laser repetition rate
of 10 Hz and laser power of 1 mJ (10 J cm1) were used
with a 60 lm diameter beam for most analyses and
40 lm beam for smaller inclusions. Smaller beam sizes
were avoided due to the reduction of signal intensity with
size. The standard NIST 610 (trace elements in a glass ma-
trix 3 mm wafer (National Institute of Standards and
Technology, Gaithersburg, Maryland, USA) was used
for calibration of element sensitivity, using data from
Pearce et al. (1997). The 44Ca concentration in each glass
and inclusion sample was used for internal standard nor-
malization of the trace element signals and 12Mg was used
for olivine measurements. Calibration accuracy was veri-
ﬁed by repeat analysis of the USGS standards BCR-2G,
BHVO-2G and KL2-G (MPI-DING, Mainz) during each
analytical run. Drift during the analytical session was less
than 10% each day and was compensated for by the inter-
nal standard calculations. Accuracy and precision, based
on 70 repeat analyses of glass KL2-G, was generally better
than 4% and 10% for most elements, respectively. Detec-
tion limits were in the sub-ppm range for many of the
elements.
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4.1. Gas composition
A time series of CO2 and SO2 concentrations was de-
rived from the gas sensors for each of the ﬁve days. The re-
sults for a part of the day on 14 April 2009 are shown in
Fig. 4. The two independent electrochemical measurements
of SO2 show very good agreement (see Supplementary
material). The CO2 and SO2 concentration data show
strong correlations for some periods, and much weaker cor-
relation during other periods. This is principally due to
their diﬀerent sensor response times (the SO2 sensor re-
sponse time is 10–20 s, the CO2 response time is much
slower) meaning that we would expect correlation to be
lower during periods where wind conditions are such that
the plume concentrations to which the sensors are exposed
are varying on short timescales. It is also partly due to the
CO2 sensor picking up gas emissions from the large CO2-
rich diﬀuse outgassing source east of the vent (Fig. 2a; see
later). We also cannot rule out that the composition of
gas emitted from the vent is changing with time. We have
isolated periods where the SO2 concentration is >400 ppm
as these are periods when the summit plume gas signature
is likely dominant in the signal (the diﬀuse degassing area
east of the vent does not degas SO2). Plots of CO2 versus
SO2 for these subsets of data are used to derive a molar ra-
tio, which is equal to the slope of the plot, and a back-Fig. 4. (a) SO2 and CO2 concentrations in the Halema‘uma‘u plume with
CO2 plotted against SO2 concentration for the ﬁve regions marked in (a)
shown, with slope, y intercept and r value (Pearson’s correlation coeﬃciground CO2 concentration (the y intercept) (Fig. 4).
Background CO2 concentrations from the plots range from
360 to 420 ppm, which is within error of measurements of
background CO2 concentrations in 2009 from the Mauna
Loa Observatory (380 ppm; Keeling et al., 2011). The Pear-
son’s correlation coeﬃcient, r, varies from 0.55–0.75 for the
data subsets (a high correlation). The mean molar ratios for
each day are shown in Table 3, with an overall weighted
mean molar C/S of 0.13. The mean daily molar ratio varies
from 0.07 to 0.21 during the ﬁve days of measurement, and
this variation exceeds the errors on the measurements
caused by instrument response.
4.2. Olivine-hosted melt inclusions and matrix glasses
The full dataset of melt inclusions and matrix glass geo-
chemistry is provided in Supplementary data. The melt
inclusions contain 48.7–51.4 wt% SiO2, and 8.3–14.0 wt%
MgO, with most of the data (95% of the 48 analyses) falling
between 50.0–51.0 wt% SiO2 and 8.3–9.2 wt% MgO
(Fig. 5). The data fall close to the more evolved end of
the range from a large dataset of 25 summit and upper east
rift historical eruptions (Fig. 5;Supplementary data) and
are consistent with olivine control (Fig. 5). The forsterite
content of the majority of the host olivines largely varies
within only a small range, from 81 to 83.5 mol%, with only
3 melt inclusions hosted by olivines with forsterite contents
of >86 mol% (Fig. 6). The ranges in Nb/Y and La/Yb aretime on 20 April 2009 (see text for details of instrumentation). (b)
, where SO2 > 400 ppm. The regressions for each subset of data are
ent) marked.
Table 3
Mean molar CO2/SO2 measured by NDIR and electrochemical
sensors at the crater rim of Halema‘uma‘u crater, 14–22 April 2009;
n = number of measurements (each measurement is over 1 s); r is
the standard deviation. We do not include data for periods where
CO2 and SO2 are decorrelated (due to rapid changes in gas
concentrations and periods where the sensors are inundated by the
diﬀuse summit plume to the east (Fig. 2).
Date, 2009 n Mean CO2/SO2 (x) 1r, %
14 April 1461 0.07 24
17 April 342 0.16 15
20 April 1301 0.12 21
21 April 564 0.18 17
22 April 1021 0.21 31
R(x.n)/Rn 0.13
292 M. Edmonds et al. /Geochimica et Cosmochimica Acta 123 (2013) 284–301around 50% and 30% respectively of the historical Kılauea
dataset (Fig. 6).
The H2O concentrations in the melt inclusions from the
2008–2010 summit eruption are <0.4 wt%, with a mean of
0.25 wt% and a standard deviation of 0.06 wt%. These val-
ues are low compared to the melt inclusions from other his-
torical summit eruptions, which reach 0.7 wt% H2O (except
for an outlier at 0.9 wt%; Fig. 7). The CO2 concentrations
are <400 ppm, again lower than the maximum CO2 content
for the historical melt inclusion dataset, which is 700 ppm
(Fig. 7). The CO2 concentration of the shrinkage bubbles
were not analyzed in this study, and so these values are a
minimum for the total CO2 content of the inclusion. Sulfur
concentrations in the melt inclusions reach 0.152 wt%,
which is similar to the range in melt inclusions from the his-75 80 85 90
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Fig. 5. Major element concentrations in the melt inclusions (black dots)
erupted from Halema‘uma‘u during 2008 and 2010. Also shown are the d
and upper rift zone eruptions (open circles; see Supplementary data for de
Fo. Ellipses show the expected range in analytical precision.torical dataset (with maximum 0.175 wt%). The ranges in
chlorine and ﬂuorine concentrations are relatively restricted
and the maximum value is around 50% of that for the set of
melt inclusions from historical eruptions, with a maximum
of 480 ppm for chlorine and 150 ppm for ﬂuorine (Fig. 7).
Cl/K2O values are mostly less then 0.036 (Supplementary
data), and therefore there is no evidence for subvolcanic
contamination by seawater (Kent et al., 1999). CO2/Nb ra-
tios are in all cases <100, and H2O/Ce ratios reach a max-
imum of 150 (Fig. 6), which is less than the maximum
recorded in melt inclusions from the historical eruptions,
which reaches 300, and the maximum for a range of Hawai-
ian submarine glasses (230; Dixon and Clague, 2001). For
all volatiles with the exception of the halogens, matrix
glasses are generally degassed relative to the melt inclusions
(Fig. 7).
The forsterite content of the olivine and the H2O and S
concentrations of the melt inclusions decrease with time
(Fig. 8). The mean H2O concentration is 0.30 wt% in the
April 2008 tephra, 0.26 wt% in the August–September
2008 tephra, and 0.17 wt% in the April 2010 tephra, while
the mean forsterite content of the olivines decreased from
82.6 to 81.7 mol% and the sulfur concentration in the melt
from 0.111 to 0.063 wt% over the same time period (Fig. 8).
5. DISCUSSION
The gas composition and ﬂux from the Halema‘uma‘u
vent in April 2009 can be compared to typical gas compo-
sitions from other parts of the Kılauea system (Table 4).
We have included measurements of volcanic gases from
Pu‘u ‘O¯‘o¯ and at the summit by Fourier Transform75 80 85 90
0
5
10
15
Fo, mol%
C
aO
, w
t%
75 80 85 90
0
0.2
0.4
0.6
0.8
1
Fo, mol%
K 2
O
, w
t%
plotted against the forsterite (Fo, in mol%) content of host olivines
ata from a large dataset for melt inclusions from historical summit
scription). From top left, clockwise: SiO2, CaO, K2O, CaO/Al2O3 vs
75 80 85 90
0
0.2
0.4
0.6
0.8
1
Fo, mol%
N
b/
Y
5 10 15 20 25
0
5
10
15
20
La, ppm
La
/Y
b
75 80 85 90
100
101
102
103
CO
2/N
b
Fo, mol%
75 80 85 90
101
102
103
H
2O
/C
e
Fo, mol%
Fig. 6. Trace and volatile element covariation in olivine-hosted melt inclusions erupted from Halema‘uma‘u during 2008 and 2010. Also
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clockwise: forsterite content of olivine (Fo) vs Nb/Y, La vs La/Yb, Fo vs H2O/Ce and Fo vs CO2/Nb. Ellipses show the expected range in
analytical precision.
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Fig. 7. Volatile element covariation in olivine-hosted melt inclusions erupted from Halema‘uma‘u during 2008 and 2010 (black dots). Also
shown are the data from a large dataset for melt inclusions from historical summit and upper rift zone eruptions (open circles). From top left,
clockwise: forsterite content of olivine (Fo) vs H2O, H2O vs CO2, H2O vs F and Cl (see legend on plot); and H2O vs S. Isobars are from
Newman and Lowenstern (2002). Ellipses show the expected range in analytical precision.
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(Edmonds and Gerlach, 2007). The measured gas composi-
tion during summit lava lake activity in 1917 measured byThomas Jaggar and the gas composition measured during
the initial stages of the current east rift eruption in January
1983 (Gerlach and Graeber, 1985) are also shown. We show
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Fig. 8. Temporal change in the composition of the melt inclusions.
The full dataset is shown as grey circles, and the mean as a black
circle, with the standard deviation as a black line. (a) Forsterite
content of the olivines; (b) H2O concentrations and (c) sulfur
concentrations of the melt inclusions with time.
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from the summit, equilibrated at 2 km depth.
The gases emitted from the summit eruption during 2009
were relatively poor in CO2 and rich in SO2 (the mean molar
C/S ratio was 0.13) compared to gases measured at other
times at the summit and on the east rift of Kilauea (Table 4;
Gerlach and Graeber, 1985; Gerlach et al., 2002). The C/S
ratios are not consistent with gases one might expect duringTable 4
Representative anhydrous gas compositions (mol%) from the east rift an
Species East RiftA East RiftB Summit
gasC
Summit, from d
areaD
CO2 20.9 38.4 88.0 96.9
SO2 77.2 57.3 12.0 3.1
HCl 0.9 2.49 0 nd
HF 1.0 1.74 0 nd
C/S 0.27 0.67 7.33 31.1
S/Cl 85.8 23 – –
Cl/F 0.9 1.43 – –
We estimate a precision of 10–15% for all analyses, resulting in an uncer
A Measured, East Rift, January 1983 (Gerlach and Graeber, 1985).
B Measured (FTIR, our unpub. data) Pu’u ‘O’o 2004–5.
C Calculated summit gas magma equil. at 2 km depth (Gerlach and Gr
D Measured (FTIR, our unpub. data) summit gas 2004–5 (during E. R
E Measured (bottle sampling and analysis, restored composition) T. Ja
F CO2, SO2, this study; HCl, HF from ﬁlter pack data published by Ma summit eruption involving magma that has risen directly
from mantle depths (column E, Table 4), which have sub-
stantially higher C/S (>4; Gerlach and Graeber, 1985).
The gases are more depleted in CO2 than the typical gases
emitted from the east rift eruption site at least up to 2006,
which were inferred to have lost much of their CO2 during
transit through the summit magma chamber at 2–5 km
depth (Table 4; columns A and B; Gerlach and Graeber,
1985; Gerlach et al., 1998). The strong depletion in CO2 in
the 2009 summit eruption gases indicates that the degassing
magmas are also depleted in CO2, perhaps due to substantial
degassing in the summit magma reservoir prior to migration
to a shallower reservoir, where further degassing took place
prior to the current eruption.
The major and trace element data for the melt inclusions
are consistent with a magma batch that has been stored in a
magma chamber beneath the summit and has undergone
some fractionation (the forsterite content of the olivines is
81.3–82.9 mol%, compared with up to 89.3% in the entire
historical Kılauea dataset; Fig. 5. Melt inclusions contain
0–0.36 wt% H2O and <340 ppm CO2 (Fig. 6; Table 5).
Equilibration pressures calculated for these melt inclusions
are 0–60 MPa (Newman and Lowenstern, 2002), assuming
there has been no loss of hydrogen due to diﬀusive equili-
bration during transport to the surface and little sequestra-
tion of CO2 into shrinkage bubbles. The moderate positive
correlation between H2O and S in the melt inclusions, with
an r value of 0.64 (Fig. 7), suggests that diﬀusive loss was
not extensive, as sulfur and H2O are expected to behave
similarly during degassing but diﬀerently during diﬀusion
(sulfur does not diﬀuse through olivine to any great degree;
Me´trich and Wallace, 2008). It is unknown as to what ex-
tent CO2 was sequestered into bubbles, but the extent of
PEC experienced by the inclusions (a mean of 4 vol% oliv-
ine added incrementally back into the inclusion; Danyu-
shevsky et al., 2000) is consistent with the growth of a
shrinkage bubble that might sequester as much as 20–30%
of the total CO2 in the inclusion (from models by Steele-
Macinnis et al., 2011). These pressures correspond to
depths of up to 1.5 km and are consistent with models ofd summit regions of Kılauea Volcano.
iﬀuse degassing Summit
eruptionE
Summit eruption, this
workF
80.4 10.7
19.5 82.4
0.13 3.8
nd 3.1
4.13 0.13
148 22.0
– 1.2
tainty of 14–20% on the gas ratios.
aeber, 1985).
ift eruption).
ggar, 1917 summit lava lake, J8 (Gerlach and Graeber, 1985).
ather et al. (2012). Nd: not detected.
Table 5
Petrological data for volatiles from melt inclusions and matrix glasses in tephra from the 2008–2010 summit eruption of Kılauea Volcano.
Volatile concentrations in the glasses are expressed as wt%, apart from CO2, which is expressed in units of ppm. The diﬀerences in mass
concentrations between the maximum volatile concentrations in the melt inclusions and the matrix glasses, are converted to molar ratios (by
dividing each of the concentrations by their relative molecular masses and then normalising one by another) to give a predicted gas
composition. The procedure is repeated using the diﬀerences between the mean volatile concentrations in the melt inclusions and the matrix
glasses, yielding two estimates of gas composition, shown as molar ratios. For CO2, a background correction of 5 ppm was subtracted from
the melt inclusion mean and maximum concentrations before calculating the diﬀerences.
F Cl S CO2 H2O
Melt inclusion max. 0.047 0.013 0.152 337 0.36
Melt inclusion mean 0.038 0.0089 0.091 151 0.25
Matrix glass mean 0.036 0.0087 0.023 bd 0.06
Diﬀ (using max) 0.011 0.0046 0.130 332 0.30
Diﬀ (using mean) 0.003 0.0001 0.068 146 0.19
Predicted gas composition Observed gas composition
Molar ratio Using MI max Using MI mean
H2O/CO2 22 32
H2O/S 4.2 4.9
CO2/S 0.19 0.16 0.13
S/Cl 31 620 22
Cl/F 0.22 0.022 1.2
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inferences from seismicity (1.0–1.8 km; Cervelli and Mik-
lius, 2003; Poland et al., 2009; Chouet et al., 2010). The sul-
fur concentrations in the melt inclusions are not depleted
relative to the majority of melts erupted in other summit
eruptions (Fig. 7), or to the sulfur concentrations recorded
in submarine basalts from the Puna Ridge (the submarine
extension of the east rift zone; Dixon et al., 1991), or to
those in melt inclusions from Kılauea Iki (Anderson and
Brown, 1993). If degassing were the primary control on sul-
fur concentrations we might expect a similar depleted frac-
tion compared to the historical dataset to that displayed by
H2O. The lack of a depletion in sulfur can be reconciled
with the depletion in H2O by the possible buﬀering of melt
sulfur in a closed or semi-closed system (see below) by the
breakdown of sulﬁde phases in the melt during decompres-
sion and degassing (Wallace and Anderson, 1998; Davis
et al., 2003) or the assimilation of hydrothermal sulfur-
bearing minerals during magma ascent.
Using the CO2 and S data for the melt inclusion and ma-
trix glasses, the expected gas composition during magma
ascent can be calculated using both the maximum volatile
concentrations observed in the melt inclusions (an ap-
proach which assumes that the volatile array is a degassing
path) and the mean concentrations in the melt inclusions
(an approach which assumes that the volatile array is
controlled by perhaps PEC or diﬀusive loss; Table 5). The
calculated gas composition (a molar C/S of 0.16–0.19) isTable 6
Mass ﬂuxes of the primary gas species from the Halema‘uma‘u vent in Ap
ﬂux A using the maximum and B using the mean melt inclusion volatile
Volcanic gas Molar % Mass % Mass ﬂu
CO2 10.7 7.94 80
SO2 82.4 88.8 900
HCl 3.8 2.2 23
HF 3.1 1.0 10close to that observed (a mean C/S of 0.13; Table 5), which
suggests that neither the addition of CO2 (gas ﬂuxing) or
SO2 scrubbing (by a hydrothermal system) are operating.
The gas is either slightly depleted in CO2, or slightly en-
riched in SO2 over the calculated composition based on
melt inclusion composition. A degree of enrichment in
SO2 is to be expected if sulﬁde phases decompose during
decompression and ascent, or if assimilation of hydrother-
mal sulfur-bearing minerals occurs. Chlorine is elevated in
the gas over what is predicted from the melt inclusion data.
The fraction of Cl exsolved from the melt is very small, and
exsolution occurs at very low pressures (Gerlach and Grae-
ber, 1985; Davis et al., 2003; Edmonds et al., 2009; Mather
et al., 2012); hence the degassing of chlorine might be ex-
pected to be vulnerable to kinetic eﬀects contributing to
variability in the gas ratio (Edmonds et al., 2009). Another
possible reason for the discrepancy is that the gases mea-
sured in 2009 were derived from largely unerupted magmas,
whilst the melt inclusions and matrix glass measured here
were erupted in quenched tephras. Given that much of
the halogen degassing occurs at or near atmospheric pres-
sure, tephra matrix glass might be expected to yield higher
residual chlorine concentrations (Thordarson and Self,
1993; Mather et al., 2012).
The SO2 ﬂux measured by Flyspec during the ﬁeld cam-
paign is used to calculate the ﬂuxes of the other gas species
(Table 6). We ﬁnd that the ﬂux of CO2 from the Hal-
ema‘uma‘u vent was 80 t/d in April 2009. This is veryril 2009, based on a Flyspec-measured SO2 ﬂux of 900 t/d. Magma
concentrations from Table 5.
x, t/d Magma ﬂux, m3/sA Magma ﬂux, m3/sB
1.2 2.7
3.4 2.3
2.4 110
0.45 1.6
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degassing (1–2 km2) at the summit of Kılauea (Fig. 2a),
which emitted 500–3000 t/d CO2 during the period of mea-
surement (Poland et al., 2012). The high ﬂux from the dif-
fuse degassing area relative to Halema‘uma‘u is consistent
with our hypothesis to explain the periods of poor correla-
tion between CO2 and SO2 in the gas dataset: the sensors
were, from time to time, inundated by the CO2-rich diﬀuse
degassing plume, which swamped the Halema‘uma‘u degas-
sing signature.
We may calculate the mass of magma that must degas
to supply these ﬂuxes of sulfur and carbon from the Hal-
ema‘uma‘u vent, using the data in Table 5 and assuming a
crystallinity of 10% and a magma density of 2700 kg/m3.
We ﬁnd that magma ﬂuxes of 1.2–3.4 m3/s are required
to supply the ﬂuxes of CO2 and SO2 to the plume
(Table 6). There has been very little magma erupted from
the vent, which suggests that magma must be continually
supplied to shallow depths by convection, driven by den-
sity diﬀerences caused by gas bubbles, with hot, gas-rich
magma upwelling, and cooler, degassed magma downwel-
ling (Fig. 9). Convection is necessary to explain the degas-
sing of the highly soluble components of the gases such as
H2O, S and the halogens, which only minimally degas at
pressures of <50 MPa to exsolve (Gerlach, 1986; Dixon
et al., 1991; Edmonds et al., 2009; Mather et al., 2012).
The operation of convection is substantiated by observa-
tions of “plates” moving across the surface from thermal
images, indicative of lateral movement at the top of a con-
vection cell (Patrick et al., 2011); and also by the observa-
tion of minute-scale variability in microgravity, proposed
to be due to density inversions in the magma storage res-
ervoir beneath Halema‘uma‘u (Carbone and Poland,
2012).
Using a reasonable conduit radius (for upwelling mag-
ma only) of 1–5 m and a magma ﬂux rate (calculated above)
of 1.2–3.4 m3/s, we calculate magma ascent rates of 0.02–
0.40 m/s and magma ascent timescales of 1 to 27 h for aMelt carrying
exsolved CO
Diffuse CO2  
degassing 
Persistent CO2-
rich gas plume 
Carbon-
depleted, 
sulfur-rich
gas plume
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driven
magma
convection
Shallow 
magma 
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Fig. 9. Schematic diagram to show the magma plumbing system at K
Graeber, 1985; Gerlach et al., 2002) and in part from geophysical data (Ry
eruption at Halema‘uma‘u is fed by a shallow subsidiary magma reservoi
convection, whereby gas-rich magma rises up the conduit, and bubbles d
melt, or may segregate upward, causing “bubble bursting” activity at thevertical distance of 1.5 km (the maximum depth from melt
inclusion H2O–CO2 equilibria). We can further constrain
magma ascent times using our observations of the H2O
concentrations preserved in melt inclusions. Hydrogen dif-
fusion out of melt inclusions through host olivines is rapid;
the re-equilibration time for a 100 lm spherical melt inclu-
sion in a 2 mm diameter olivine is 72 h at 1150 C (Qin
et al., 1992; Gaetani et al., 2012) and from hydration exper-
iments, the H2O content of a olivine-hosted melt inclusion
from Mauna Loa can increase from 0.37 wt% to as much
as 3.9 wt% in only 22 h at 1250 C. Dehydration experi-
ments suggest that 45% of the H+ loss from a H2O-rich
inclusion occurs after only 1 h of heating at 1250 C (Gae-
tani et al., 2012). In order to quantify the extent of diﬀusive
equilibration precisely, measurement of D/H ratios is neces-
sary, as hydrogen isotopes are fractionated dramatically
during diﬀusive loss of H from melt inclusions (Hauri,
2002). However, the correlation between S and H2O
(r = 0.64) measured in our suite of melt inclusions (Fig. 7)
suggests that H2O loss by diﬀusion out of the host olivine
is not the dominant process in controlling H2O abundance
(sulfur diﬀusivity in olivine is low; Gaetani et al., 2012). In
order to preserve the H2O contents observed in the melt
inclusions, timescales of less than a few hours for magma
ascent seem likely. The short timescale for magma ascent
indicates that the upwelling magma conduit radius is likely
to be <2 m. The total conduit radius is likely to be larger, to
account for the space required for downwelling magma in
the conduit. The conduit at depth is therefore likely to be
much narrower than the surface expression of the lava lake
(>135 m), implying a ﬂared geometry to the magma plumb-
ing system.
We calculate the density diﬀerence between hot H2O-
rich, upwelling magma and gas-poor down-welling magma.
The mean temperature calculated using the MgO content of
the melt inclusions (Helz and Thornber, 1987) is 1182 C
(n = 48) and the mean temperature of the matrix glasses
is 1165 C (n = 32; Supplementary data). The densities ofRift eruption
 
2
CO2-depleted magma
 
CO2-poor, sulfur-
rich gas plume 
East Rift Zone
~1.5 km
b.s.l.
~3.0 km
ılauea Volcano, in part based on degassing studies (Gerlach and
an, 1988). We have inferred, from our volatile data, that the current
r. Inset box on left shows the mechanisms of bubble-driven magma
rive ascent through expansion. Bubbles may remain coupled with
surface. Degassed magma then sinks back down the conduit.
Table 7
Melt density calculations using the method of Bottinga and Weill (1970), using the molar volumes from Lange and Carmichael (1987) and the molar volume for H2O from Lange, 1994. Fe
2+/Fe3+
estimated from Rhodes and Vollinger (2005).
Oxide T = 1165 C
P = 0.1 MPa
T = 1182 C
P = 30 MPa
Mol. wt.,
g/mol
Molar proportion, Yi,
mol/100 g
Volume, Vi, at 1400 C,
cm3/mol
dV/dT,
103 cm3 mol K
dV/dP,
103 cm3 mol MPa
Vi at T&P, cm
3/mol YiVi, cm
3/100 g
Glass composition, wt%
Matrix glass
mean
Melt inclusion
mean
Matrix
glass
Melt
inclusions
Matrix
glass
Melt
inclusions
Matrix
glass
Melt
inclusions
SiO2 51.6 50.6 60.09 0.86 0.84 26.90 0.00 1.89 26.90 26.90 23.11 22.64
TiO2 2.4 2.30 79.88 0.03 0.03 23.16 7.24 2.31 21.46 21.46 0.65 0.62
Al2O3 13.5 12.9 101.96 0.13 0.13 37.11 2.62 2.26 36.49 36.49 4.84 4.61
Fe2O3 0.87 159.70 0.00 0.01 42.13 9.09 2.53 39.99 39.99 0.00 0.22
FeO 11.2 10.56 71.85 0.16 0.15 13.65 2.92 0.45 12.96 12.96 2.04 1.94
MnO 0.17 0.19 70.94 0.00 0.00
MgO 7.49 8.95 40.31 0.19 0.22 11.45 2.62 0.27 10.83 10.83 2.01 2.41
CaO 10.9 10.6 56.08 0.19 0.19 16.57 2.92 0.34 15.88 15.88 3.07 2.99
Na2O 2.33 2.19 61.98 0.04 0.04 28.78 7.41 2.40 27.04 27.04 1.02 0.96
K2O 0.41 0.38 94.20 0.00 0.00 45.84 11.91 6.75 43.04 43.04 0.19 0.17
P2O5 0.23 0.23 141.94 0.00 0.00 0.00 0.00 0.00 0.00
H2O 0.060 0.33 18.02 0.00 0.02 17.00 17.00 17.00 0.06 0.31
Total 100.24 100.04 Vliq = RYiVi 36.98 36.88
Density
=
100/RYiVi 2.70 2.71
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0.056 wt% (Table 5), and pressures of 30 and 0.1 MPa, is
2710 and 2700 kg/m3 respectively, using the partial molar
volumes of the oxides and H2O and their dependence on
P and T (Bottinga and Weill, 1970), with volume and ther-
mal expansion data (Lange and Carmichael, 1987; Lange,
1994) as shown in Table 7. The degassed magma is there-
fore slightly less dense than the hotter, slightly less evolved,
H2O-rich melt at a higher pressure and there is no density
diﬀerence to drive convection when considering melt alone.
The density diﬀerence to drive convection must therefore
come from the presence of either bubbles or crystals, which
will act to decrease or increase the bulk density respectively.
The matrix glass and melt inclusion concentrations of
highly incompatible elements can be used to assess the de-
gree of crystallization. The concentrations of Ce and La
in the matrix glasses are within error of those in the melt
inclusions (Supplementary data) indicating that little crys-
tallization occurs in tandem with cooling and degassing,
with little change in bulk magma density. The melt is va-
por-saturated, so once bubbles are nucleated, bubble
growth and expansion will decrease magma bulk density,
thus perhaps giving rise to bubble-driven convection (Car-
doso and Woods, 1999). The addition of 0.3 wt% H2O-rich
bubbles to degassed melt at the top of the conduit reduces
the bulk magma density to 1700 kg/m3 (gas density calcu-
lated using the Ideal Gas Law). The removal of these bub-
bles by outgassing, thereby increasing bulk density, will
drive the downward ﬂow of magma back into the conduit.
Experimental studies show, however, that over time bub-
bles may escape the convecting plumes and the eﬃciency
of gas-melt segregation becomes dependent on the size of
the bubbles and hence on their Stokes rise velocity. A pop-
ulation of small bubbles would be most likely to drive con-
vection consistently. At Erta Ale, observations of large
spherical capped bubbles bursting on the surface of the lava
lake has led to the proposal that the ascent and expansion
of large, high Reynolds number bubbles eﬃciently advect
heat to the lava lake, thus preventing its cooling and crys-
tallization (Bouche et al., 2010) and negating the require-
ment for convection to take place. At Halema‘uma‘u,
thermal images have shown the arrival of large gas slugs
and bubbles to the surface of the lava lake, as well as “gas
pistoning” behavior, which might suggest the accumulation
of gas or the rise of bubble clusters up the conduit (Patrick
et al., 2011). Textural observations of small subsidiary bub-
bles surrounding larger bubbles in erupted tephra of the
current summit eruption led to the proposal that H2O is re-
sorbed by mixed melts arising from convection (Carey
et al., 2012), similar to that proposed for mixed melts aris-
ing from drainback (Wallace and Anderson, 1998). Calcu-
lation of the likely pressure range over which these
processes takes place supports smaller scale circulation of
magma, over hundreds of metres (Carey et al., 2012). It is
likely that some combination of convection (over a range
of scales) and churning caused by the rise of large bubbles
takes place, thereby eﬃciently mixing degassed and unde-
gassed magma (Fig. 9). This is consistent with the range
in H2O, S and CO2 measured in the melt inclusions(Fig. 7), which indicates a range of equilibration pressures
and extent of degassing prior to eruption.
Over time, the net eﬀect of continued convection and
degassing is to progressively exhaust the melt of its volatile
components, which will decrease the density contrast be-
tween ascending and descending melt, and eventually con-
vection will cease if no fresh magma is supplied. We
propose that mixing between degassed and undegassed
magma and a progressive increase in the degassed compo-
nent over time is the cause of the decrease in volatile con-
centrations measured in melt inclusions with time (Fig. 8).
This proposal is consistent with the occurrence of long per-
iod seismicity, which was used to infer that degassing was
waning after January 2010 (Dawson et al., 2010) and with
the gradually decreasing SO2 ﬂuxes from Halema‘uma‘u be-
tween March 2008 and the end of 2010 (from a mean of
1000 to a mean of 700 t/d; Elias and Sutton, 2012). This
also implies that the shallow magma reservoir under Hal-
ema‘uma‘u is a closed, or semi-closed magma system. Dur-
ing this rising, sinking, and mixing process, olivine crystals
with melt inclusions are likely carried up and down, putting
initially higher H2O melt inclusions into melt that has lost
some H2O through degassing. This process might be ex-
pected to result in some variable H loss by diﬀusion, leading
to scatter on a H2O versus S plot such as Fig. 7.
6. CONCLUSIONS
We measured the CO2 and SO2 concentrations in the gas
plume from Halemau‘ma‘u, at the summit of Kılauea Vol-
cano, during April 2009. We also analyzed olivine-hosted
melt inclusions from tephra erupted in April, August and
September 2008, and in April 2010 for major, trace and vol-
atile elements using electron probe, secondary ion mass
spectrometry, and laser ablation ICP-MS. Our aim was to
test the hypothesis that gases emitted from summit lava
lakes will be rich in CO2 and similar to the “type 1” gases
of Gerlach and Graeber (1985). The gas and melt data
are both consistent with the degassing of a relatively frac-
tionated magma batch which equilibrated at depths of
1.2–2.0 km beneath Halema‘uma‘u prior to the current
degassing activity. The diﬀerences in the volatile concentra-
tions between the melt inclusions and matrix glasses are
consistent with observed gas composition, indicating that
there is no need to invoke either addition of CO2 gas or
scrubbing of SO2. The degassing of sulfur and halogen
gases from the melt requires low pressures and hence we in-
voke convection to bring the magma close to the surface to
degas, before sinking back into the conduit. On this basis,
the ﬂuxes of gases (900 and 80 t/d SO2 and CO2 respec-
tively) are used to estimate magma ﬂuxes (1.2–3.4 m3/s) to
the surface. The observation of minimal loss of hydrogen
from the melt inclusions combined with this magma ﬂux
implies a high ascent rate from 1.5 km depth (less than
a few hours), which constrains the conduit radius to
1–2 m (or a dike with a similar cross-sectional area). The in-
ferred conduit radius is much narrower than the lava lake at
the surface, implying a ﬂared geometry. The melt inclusion
data suggest a progressive decrease in melt volatile
M. Edmonds et al. /Geochimica et Cosmochimica Acta 123 (2013) 284–301 299concentrations with time, consistent with convection,
degassing and mixing in a closed, or semi-closed magma
system. The degassing regime of the current summit lava
lake activity is not similar to that observed in the early
20th century by T. Jaggar (Gerlach, 1980; Gerlach and
Graeber, 1985), and instead the gases are extensively de-
pleted in CO2, implying that the gases have been degassed
in the summit magma reservoir before being fed into a shal-
lower subsidiary reservoir.
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